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USSR held on 19 March 1947.)

Tn the solution of most problems related to radio communica-

tion, we must necessarily come up against the question of the in-

fluence of the ionosphere on the propagation of electromagnetic

waves, In an immense number of cases it is the reflection of such
waves from the ionized layers of the atmosphere that is respon-
sible for the very possibility of radio communication, as is the
case for example with work in the short-wave spectrum. As A.N.
Shehukin (1] has very aptly poinved out: MIf it were not for the
reflection and refraction of radio waves in the upper layers of

the atmosphere, the role of radio as a means of communication would

be diminished by ninety to ninety-five percent."

Tt may thus be said that the study of the ionosphere is
the key to all calculations connected with the propagation of

radio waves longer than a few meters.

There can be no doubt that we stand today on the threshold
of a new epoch in the study of the jonosphere, Up to now we have
unfortunately had to content ourselves with the results yielded by
merely indirect methods of research, the most important of which
is the method of the radiosonde to the upper layers, which consists
g the transmission of short signals by special ionosphere stations,

and their reception, after reflection back to the earth from the

IT——
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lonesphere, by the same statlons.

It was proved about twenty years ago that the ilonosphere has
a layer structure, or in other words that several maxima of ilonle
zation are observ& in ite. Layers E and F are the principal layers
of the ionosphere (Figure 1)s Layer E, at an altitude of 100~120
kilometers, is usually responsible for the propagation of the rela-
tively long waves, Layer F, which principally conditions the pro-
pagation of the short-wave spectrum, is stratified during the day-
light hours of the stmmmrlmonths into layer Fl’ with a reflecting
altitude of the order of 200-2L0 kilometers, and layer F2 atrglti-
tudéi?SO-hOO kilometers. Al the present time it may be considered
established that the so~called D layer lies below the E layer at
an altitude of 60-80 kilometers, and plays a very great role in

the processes of the absorption of radio waves.

The ultraviolet radiation of the sun, and, to some extent,
its corpuscular radiation as well, is the principal source of the
ionization of the earth's atmosphere., This ionization has a clearly
expressed diurnal march which depends on the altitude of the sun
above the horizon. In addition to the diurnal march of icnization,
a substantial role is also played by the seasonal march, and also
by the slower variation produced by the eleven-year cycle of solar

activitye.

During periods of maximum solar activity an appreciable in-
crease takes place in the ionization of all layers of the ionos-
phere, which may be explained either by the increase of the ultra-
violet solar radiation during these periods, or by the intensifica-
tion of the sun's emission of corpuscular streams, some of which

penetrate ﬂﬂﬁﬂ>the earth's atmosphere.
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FIGURE L

[\

The stormy processes that take place on the surface of the
sun not infrequently evoke ionospheric disturbances that disrupt

radio communicationse

Interruptions in short-wave radiocommunications, however,
are not confined to the times of ilonospheric storms. The causes
of such interruptions are very of ten found in the improper choice
of operating wavelengths. Tt is therefore a fundamental problem
in ‘the calculation and exploitation of short-wave radio communica-
tion lines to select the most advantageous wavelengths, with which
the maximum receiving effect may be obtained. Very often only
slight deviations (in percent) from the most advantageous wave-
lengths involve a sharp reduction in the electrical field strength
at the place of receptiony thus excessive shortening of the wave

loads to its. ceasing to be reflected from the ionosphere and passing

-3 -
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beyond 1t without ever peturning to eartl on the contrary, i the
wave 15 too Long, excessive absorpbion will. occur in the ionized
layers of the atmosphere, which again results in interruption of

S5ETVLCE,

The strength of the electricaﬂfield at the place of receptlon

must not be less then & certain given value. Tt is therefore neces-
sary to caloulate the field strengbh created at a given distance at

a definit%noment of time.

To calculate electrical field strength we must kow what
absorption the radio waves undergo in the various ionized layers,
at varying frequencies and distances, at various times of the year
and hours of the day. The mechanism by which energy is absorbed
in the propagation of radio waves 1s conmonly known to be as fol-
lows: the changing field of the electromagnetic wave leads to a
fluctuating motion of the charged particles in the ionized*edium,
by imparting an additional kinetic energy to them; in their motion

the electrons or ions encounter gas molecules and collide with
them; in such collisions the charged particles Jose a part of thelr
kinetic energy, which is transformed into the energy of thermal
motion of ‘the molecules. It follows from this that the eleclbro-
magnetic waves must experience absorption during propagation

through ‘the ionospherees

The coefficient of absorption Y depends on p, the number
of collisions per second between an electron (or ion) and gas mole-
(elymeliic)
cules, on Eﬁ@fglectronis gpees density N, the charge e and the mass
m of the charged particle, and also on the frequency ) of the
T
wave belng propagated. The equation V = Z?;Er‘ (j) may be

- Lo~
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considered approximately‘true, where the conductivity /s

2
_ pNe
g = me"-x-w’-)

and the index of refraction
= /T__ 4 Ne*
—\ MCPZ—i-w")

Under the conditions of radio-wave propagation in the

ionosphere, the concentration of the charged particles and the
number of collisions per second vary along ‘the path of the wave.
Tt may be considered that the properties of the medium are only
slightly changed over the length of the wave when short waves are
propagated in it; in that case, in investigating the propagation
of radio waves, it is possible, in first approximation, to con-
struct the trajectory of a ray according to the laws of geomebri-

cal optics.

To calculate electrical rield strength at the place of recep-

tion, we must determine the value of the total absorption F: SY d»s
S

along the path 5 traversed by the ray through the jonized region

of the atmosphere.

The reflection of short waves on main lines of communica-
fion is usually from the F2 layer. In thelr propagation by suc~
cessive reflections from the F2 layer and from the surface of the
earth, the short waves pass through the D, E and Fy layers, where
they undergo absorption to a greater or lesser extent (Figure 1).
The absorption of short waves during their passage through each of

the ionized layers below Fp $ust therefore be lmown. However, in

a good number of cases, such as, for instance, on summer days ab

-5 -
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medium distances, short waves pass totthe point of receptlon by
reflection from the E layer, inte whicﬁ they penetrate for some
distance and are partially asbsorbed thereby. During the daylight
hours of summer, reflection of a certain band of short waves is

also possible from the Fy layer.
THE CHARACTERISTICS OF THE SEVERAT TONIZED LAYERS

Let us first of all take up the question of the parameters
that characterize the several ionizedpayers, and of the peculiar-
ities of the mechanism of absorption of radio waves in each of

them.

1. The D layer. In the D layer, located at an altitude of 60-80
kilometers, where the density of the atmosphere is still relatively
great, recombination by stages probably predominates over direct
recombination. Therefore the D layer is to a considerable degree,
and perhaps even primarily, an ionized layer.

In the literature there are on;y rough and generaﬂ§stimates
that the ionization of layer D is of the order 103 e%?gége The
inadequate knowledge of this value is explained, in the first place,
by the fact that the ionosphere stations as a rule conduct their
measurements at frequencies considerably higher than the critical
frequency for the D layer, and in the second place by the basic dif-
ficulty of measuring this critical frequency, since on account of
the very large number of collisions in the D layer,the signals undergo
a strong fading as they approach the working freguency and the critical
frequency. Based on analysis of the available materials, limits be-
tween 0.1 and 0.7 megacycles may be assumed for the critical fre-

quency for the D layer. Raver [2] takes 0.l megacycle as the most
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probable value of the crltical frequency for the D layer. Our i
own enalysis of the British measurements of the coefficients of
signal reflectlon from the lonosphere during 1943-19L6 confimms the

view that this figure should be failrly close to the truthe

The thickness of the D layer is relatively small and may be

assumed to be equal to about twenty kileometers.

We take py, the effecti&e number of collisions per second
at the lower boundary of the D layer, to be of the order of 107;KI¢CH
This figure agrees rather well with the mean value given by Raver
[2], who estimates the number of collisions at the level of maximum
ionization of the D layer at 3.2 x lO6 per second., Starting out
from this value, we obtain for the lower boundary of the layer, at
a half-thickness equal to 10 kilometers, an effective number of

collisions Py of the order of 0.85 x 10/ per second.

On the basis of Penndorf's work [3] the number of collisions
7

in the D layer is calculated to be of the order of 1.5 x 10' per

second, which also is close to the value we have adopted.

It is interesting to clucidate the question of the nature of
the collisions in the D layer. These collisions may be of the fol-
lowing character: (1) collisions between ions and neutral molecules;
(2) collisions between ions and ions; (3) collisions between elec-
trons and neutral molecules; (L) collisions between electrons and

ions; (5) collisions between electrons and electrons.

Computations show that the collisions between electrons and

ions, and between ions themselves, cannot reach a substantial value

in the D layer, since they give corresponding figures of only the
order of 10° and L x 10-2

per second, respectively, which, of course,
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are very small in comparison to a total effective number of col-
lisions, pg of the order of 107 per second. The collisions of
electrons with electrons are likewise without influence on the
order of the effective number of collisions., There remain only
the collisions of electrons and ions with neubral molecules, The
number of collisions of electrons with molecuwles, with a number

of molecules of the order of L0L6 per cublc centimeter, is about

5 x 107, or even as high as 108 per second, while the number of
ions with molecules will probably be of the order of 5 x 10S to 100
per second. Thus the effective number of collisions Pg = 107 per
second lies between these figures. It may therefore be postulated
that two different minds of absorption occur in the D layer: one
due to collisions between electrons and molecules, and the other

to collisions between ions and neubtral molecules.

From this consideration of the effective numbers of collisions
per second it is possible, roughly and generally, to conclude that
the presence of free electrons is responsible for about one-tenth
of the effective electron density N in the D layer, while the rest
must be attributed to the presence of ions. It does not, however,
follow that the absorption due to the collisions between free elec-
trons with molecules, plays a small role in the D layer. On the
contrary, as we shall see further on, this type of absorption,
owing to the greater effective number of collisions, may be of

dominating importance.

2, The E layer. On the basis of the available experimental data,
on the study of the ionosphere, the half-thickness h, of the layer

may be tdcen as equal to about 20 kilometers.

As for the value of pp (the number of collisions at the lower boun-

dary of the E layer, at altitude 90 kilometers 1), there

-8 -
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1g little date to be found in the literature. Martyn [h] gives a
velue po = 106 per second, However, on comparing the theoretical
caleulations of absorption in the E layer made according to various
laws of variation in ionization in relation to heighty/ with the ex-

perimental date on the ebsorption of radio waves, we come to the

conclusion that the figure given by Martyn is very much exaggerated.

Other investigators give the following figures for the number
of collisions in the B layer:
(a) Best and Ratcliffe (5] give py = 3.9 x lob' per second (where py
is the number of collisions per second at the level of maximum ioni~
sation of the L layer), which gives, for the lower boundary of the
layer, pg < 2.9 x lO5 per second.
(t) Martyn and Pulley (6] give, for the lower region of the E layer,
Py ® 2.7 X ZLO5 per second.
(¢) Mitra and Ralkshit [7] give Py = 2.7 X 10"L per second and pg =
2.7 x ZLO5 per second.
(d) Appleton [8] presents, for altitude 120 kilometers, the value
Pog = 10“ per second, which gives for the lower boundary of the

layer pg = 2 % ].O5 per second.

Comparison of the computed data with the experimental led
us to the conclusion that the effective valﬁe of pg in the E level
should be teken at 2 X 105 per second (for summer ), which agrees
fairly well with the above-cited experimentsdl figures given by a

nunber of authors [5, 6, T, 8l

For winter, when the E layer is somewhat higher than in sum-
mer, the assumed number of collisions should be somewhat reduced
by comparison with the summer. We take py = 1.5 x lOb per second,

and for the period of the equinox the mean value between surmer and
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winters

The question of the essential nature of the collisions in

the B layer is directly connected with the effective number of
collisions. In this layer the collisions of lons with neutral
molecules and those between ions themselves cannot play an appre-
.ciable role, since the order of the collisions of the former kind
is computed to be only 103 per second, and that of the latter kind
10Ll per second (with a number of ions of the order of 109 per cubic
centimeter). The collisions between clectrons themselves may like=-
wise be neglected, There thus remain only the collisions of elec-

trons with neutral molecules and ilonss

A pumber of authors assume the number of icns in the & layer
to be very high, of the order of 109 per cubic centimeter. In this
case the number of collisions between elec%fons and ions should be
of the order of 5 x 106 per second [9]. Such a number of collisions,
however, would be expected to lead to a far higher absorption in the

I layer than actually observed.

As for the number of collisions between electrons and neutral
jons, its calculated order (& one-digit number X 105) agrees rather

well with that adopted by us on the basis of experimental data.

Thus anelysis of the acceptable number of collisions leads
us to the concliision that the collisions in the E layer consist
principally of those between electrons and neubral molecules, rather
than with ions. Consequently we cannot admit that the space density

of ions in the E layer attains the order of 107 per cubic centimeters

Appleton [10] refers to the work of Massey, which showed that

the process of combination of electrons with the neutral molecules,

- 10 =
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and of their dissociation from them, proceeds in such a way that
there ls an approximately constant ratio betwcen the space density
of negative ions and electron density =- a ratio which for the E
layer is of the order of 100. Since the space density of electrons
in the E layer is approximately 105el/cm3, the number of lons per
cubic centimeter should be only of the order of 107J which agrees

well with our conclusions.

The partisans of the ionic character of the E layer point out
/9/rﬂ7ﬂ g
that =~ $o they say =~ magneto-icnic di-ffreesion f%&gnctoioﬂ&ﬁbeﬁkeye

ﬁ@sahehep&eﬁ&feympresumablyWxeﬁaﬁﬁ—%e~theue%ee%@emagae%éemdéﬁﬁyeeﬁéen

-waﬁhﬂff‘%ﬂﬂ?ﬁ*hﬁ»é@ﬂdﬂfﬂOf a ray is but rarely observed in the E

layer; this is not convincing, inasmuch as according to the data
J‘/:ﬁmag

of the ionosphere station at Tomsk, such diffxasiion regularly

occurs, though the strong absorption of extraordinary components

meke it difficult to observe. The presence of these extraordinary

components may, however, be noted in the group lag in the reflection

of a signal from the higher layers.

We thus come to the conclusion that the absorption in the E
layer is principally determined by the collisions of electrons with

neutral molecules, and, to a lesser degree, with ions.

3+ The Fi layer. The number of collisions pg at the lower boundary
of F may be taken as equal to ~/ th per second, on the basis of
the data in the literature, and also of considerations resulting
from our own calculationse
The F; layer is basically a layer of electrons, as the
Sy i 1o
regularly observed érfiraetion of a ray into ordinary and extra-

ordinary components clearly indicated. Absorption in this layer
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1s primarily determinad by collislons of elgctrons with neutral

molecules. Together with this, the collisions between glectrons

and ions also play & certain role. The other types of collisions

(ions with molecules and ions with ions) ave of no practical

importance here.

since the effective number of collisions in the D, B and Ty
layers is primarily determined by the collisions of electrons (or
jons) with neutral molecules, it may be assumed that throughout
the entire region of the ionosphere, {rom the D layer up to the
T, layer, the number of collisions varies according to altitude
by the barometric formula

h
p = Po © H (W)

where H is the altitude of the uniform atmosphere (Ha=10 kilometers
for the D and B layers, but =% 15 kilometers for the Fp layer, in

consequence of the incresse in gas temperature with the altitude)e

L, The Fop layer. Tn consequence of the 1ow density of the gas,
the mmber of collisions of electrons (and a fortiori of ions) with
neutral molecules in the F, layer (at an altitude of 250 = L0O
kilometers) is very insignificant. Since the disappearance of free
electrons in the Fo layer bears the character of direct recombina-

tion, the presence of negative ions in this layer may be neglected.

The order of the calculated number of collisions of electrons
with ions in the Fp layer agrees well with the experimental data
of White and Brown [11] and of others (an average value of 3.5 % 107

per second).

This character of the collisions in the Fp layer renders
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inapplicable the barometric formula fov determining the variation,
with altitude, of the mumber of collisions., Tor this reason we
assume in first approximation that the mutber of colllsions in the
Fo layer does not depend on altitude, Since the volume density of
electrons, and consaguently that of ions, varies according o
season and time of day, the effective number of collisions will

also vary tosether with ite Thus we assune that p is proportional

to Npaxe

Tt should be borne in mind that according to the formula
introduced by Ginzburg and Al'pert [9], the effective number of
collisions between electrons and ions falls with increasing Lemper-
ature. This circumstance plays an important role for the Fo layer,
the temperature of which apparently attains very high values (of

the order of 1000 degrees Kelvin)e

Figure 2. Absorption coefficients for the D layer.

Py = 107 per second; N = 103 el/cm3.
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THE ABSORETION CORFFICT'NTS FOR PASSAGE OF WAVES THROUGH THE

TONIZED LAYERS AND TOR DTHETR RBFLECTION THEREFROM

On the basis of analysis of the mechanism oi absorption in
the several lonized layers and the parameters that characterize
those layers, we conducted detailed caleculations of the absorption
of radio waves in the several layers, at varying values of maximum
ionization in them, and for various laws of variation of ionization

with altitude [12].

I

Figure 3. Absorption coefficients on passage through the L layer,
B I 3 &

fip = Lox 100 cycles (triangular law)

Since we still have only incomplete data on the variation of ioniza-
tion with altitude, in constructing a theory of the absorption of
radio waves we must take a law of variation of ionization that

agrees fairly well with the experimental data.

We calculated the coefficients of absorption for both normal
and oblique incidence of a ray on the layer, on the basis of the
well-known theorem of Martyn [L]. We considered two basic cases
of radio-wave absorption: (1) absorption on passage of radio waves

through the ionized layers (D, E, and Fy), and (2) absorption on

SE——
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peflection of radio wWwaves fpom the lonized layers (£, T and Ta)e

XM

Figure .  Absorption coefficients on passage through the E layers

fyp = 2% 106 eycles (triangular law) o

The curves presented on Figure 2 characterize the dependence
of absorption on wave lengzth (for varying angles of incidence)
in the case of passage of the waves through the D layer, at Nypay =
103 el/cm3 and py = 107 per second. Since in this case the absorp-
tion coefficient I’ is directly proportional to Npax, the curves
presented may be used for any values assumed for the ionization of
the D layer, with corresponding changes in the scale of the ordinate

axise

For the D layer, in which the index of refraction of short
waves may Dbe considered as equal to unity, the absorption coefficient

for oblique incidence will be equal to the absorption coefficient

for nofmal incidence multiplied by sec qJ , where §>is the angle

of incidence of the ray on the layer.

Figures 3 and 4 give the analogous curves for passage of
waves throughthe E layer at two values of the critical. frequency

(fg = Ly megacycles, fg = 3 megacycles).
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The curves are plothed for the nuber of collisions pp =

2 X ZLO5 per second; howevar, by virtué of the direct proportilonality

betwaen rj and pg, these curves may be used for any assumed number

of collisions in the & layer, with corrvesponding change of scales

The curves on Figures 2, 3 and L are calculated for the so-
called "triangular! law for the distribution of ionization by
altitude (Linear increase in ilonizatlion as altitude h increases
from zero to hy, and then linear decrease as altitude further

increases from hp to 2hp)

Figure 5 gives the analosous curves for the E layer (with
fp = Ly megacycles), calculated by a parabolic law of variation in

ionization with altitudee

We sece that the absorpltion of radio waves cn passage through
an ionized layer will be the greater, the longer the wave, or in
other words, the lower the frequency. The sbzorption losses also
increase with the anple of incidence of the ray, inasmuch as the

path of the ray through the ionized layer becomes longers

Figure Te Absorption coefficients on reflection from the E layers

fyp = b x 106 cycles (parabolic law)
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Figure 8., Absorption coeflicients on reflection from the Fo layer.

fkp = 5.7 x 106 cycles (triangular law)

Figures 6 and 7 give curves that characterize the dependence
of absorption on wave length for the case of reflection of radio
waves from the B layer, using the triangular and parabolic laws of

variation of ionization with altitude, respectively, Figure 8

gives analogous curves for the Fp layer (fg = 5.7 megacycles). We
2

see that the absorption losses for reflection of a ray from the
layer decline with increasing wave length, This phenomenon is
nexplained by the fact thalt as wave length increases the depth of
penetration of the layer by the wave decreases, although the absorp-

tion per unit length of its path increases.

This reduction in the length of the path traversed by the ray
through the ionized layer also accounts for the decline in absorption

with increasing angle of incidence of the ray on the layer,
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Qur calculations of the absorptien coafilclents, and the
curves plotted from these calculations, make it posgible to make
a more detalled analysls of certain very important questions conm
nected with the absorption of radio waves;- These questions in-
clude (1) elucidation of the relative roles vlayed by the several
layers in the absorption of radioc waves, and (2) elucidation of

the dependence of the absorption coefficients on frequency.

These questions will be considered separately.

THE RELATIVE ROLES PLAYED ¥Y THI SEVERAL LONIZED LAYERS

IN THE ABSORPLION OF RADIO WAVES

Analysis of the mmber of collisions in the several ionized
layers leads us to the conclusion that %hé lower, D and E, layers
of the ionosphere probably play the principal part in the absorp-
tion of radio waves. Absorption in the Tp and Fp layers is con-
siderably less than in the layers below. Therefore the absorption
in the T region may be neglected in a good many cases in making

approximate calculations for the daylight hours.

However, by virtue of the peculiarities in the mechanism
' the collisions in the Fo layer, the absorption of radio waves
reflection from this layer is not negligibly small in comparison
to the absorption in the lower layers. When a ray falls vertically
on this layer (or at small angles of incidence), the absorption in
the Fp layer, in high-frequency work, is entirely commensurable with
that in the lower layers, even during daylight hours. In the night-
time, however, the absorption in the Fp layer at relatively high
frequencies not infrequently dominates the gbsorption in the remain-

ing E layere.
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The greatest interest of all attaches to the elucidation
of the relative roles played by the D and B layers, which are
primarily responsible for the absorption. Various conflicting
opinions may be found in the literature on this point., Thus, in
the American manual on the propagation of radio waves [13] and
in the work of Raver [2], only the absorption in the D layer is
considered; the absorption in the other layers, including that in
the B layer, is not taken into consideration; A. N, Shchukin [1h]
points out the importance of the D layer. Oﬁ.the contrary, Martyn
[4] takes account only of the absorption in the E layer. White and
Straker [15] assign the primary importance to the B layer. They
express themselves as follows on this subject: "Although other
regions of sonization (for instance the D region) are occasionally
encountered below the E, it still remains to be proved that they
possess a fairly constant form and contribute a share of the total

absorption."

To elucidate the proportionate roles of the several layers
that follow from the absorption coefficients calculated by us, we
caleulated the absorption in each of the ionized layers, together
with total absorption, in relation to the distance, at varying

wave lengbhs and at various SeasonsSe

Let us consider, for example, the curves that characterize
the dependence of the absorption of radio waves on the distance,
at wave length 100 meters, for daytime in summer (Figure 9)., The
reflection takes place from the E layer. We present the curves
for absorption in the D and E layers separately, and also the curve

of total absorption. The absorption in the D layer increases with

" the distance, i.e, with the angle of incidence of the ray on the
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layer; while on the contrary absorptlon at reflection of the waves

fpom the B layer falls with increasing distance, Therefore the
total absorption lalls at first as the distance inéreases, reaches
a minimum at a certain distance, and then begins to rise as the
distance continues to increasss. We seec here that the relative
role of tha absorption at reflection from the E layex falls with
increasing distance, while the relative role of the absorption in
the D layer increases; at distances of 500 kilometers and over,

the absorption in the D layer dominates that in the E layer under

any and all circumstancess

K E}%‘/(Pzﬂw)

Figure 9. Absorption coefficients and field strength. Summer, 12

hours. 100 meters
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Tigure 10, Absérbtion coefficients and field strength. Winter, 12

hours. 100 meters
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Figure L1 shows the variation in absorption with distance,

por a BO-meter wave, on & summer day. Reflection from the E

layer beglins at a distance of 300 kilomelers. On comparing the
ahsorption curves for this wave length with the corresponding
curves for wave length 100 meters, we see that the D-layer ahsorp-
tion i8 considerably lower for wave length 50 meterse Therefore,
even though absorption in the D layer increases with inereasing
distance, while that in the T layer falls, the dominance of the T

layer commences only at relatively greabt distances.

e

Figure 12 shows the absorption curves of radio waves for
daytime in swimer al operaling wave length of 30 mebers. Reflection
occurs from the T layer. Here our attention is strucl by the cir-
cumstance that atb relatively small distances (Loo =~ 600 Kkilometers)
the absorption in the Fp layer on reflection of the wave from it
dominates the absorption in the D and E layers (on passage of the

waves through fhem) o

R kM

Figure 1l. Absorption coefficients and field strength. Summer,

1200 hours. 50 meters
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Fioure 12, Absorption coefficients and field strength. Winter,

1200 hours. 30 meters

Recapitulating what has been said on the relative roles of

the several layers in the abserption of radio waves, we reach the

following conclusions.:

1.. Tt is necessary to take into account the absorption in
both D and E layers: The relative importance of these layers may

vary according to frequency, angle of incidence (otherwise expressed

{
H
§
%
i
i
i
i
§
i

as distance), season and time of daye

2, The role of the ¥y layer; which is confined to the day-
time of the summer months, is slight in comparison to the lower
layers, both for passage of radio waves through it and for their

reflection from it, except for cases where the working frequency is

very near the critical frequency of this layer.

In approximate calculations the absorption in the Fl layer

may be disregarded.

3, The absorption in the Fp layer is as a rule considerably
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less than that in the D and B layers; but it'cannot always be
neglected. Thus, for relatively high fraquencies at small angles
of incidence, and also durlng the nighﬁtima, absorption in the Fo

layer may dominate absorption in the lower layerse
THE RELATLONSHIP OF ABSORPTION COLFFICTIENTS TO FRIEQUENCY

T. We shall first consider the soveral ionized layers from
the point of view of the dependence of the absorption coefficients

on the frequency.

1., The D layer. If we take the effective number of
collisions at the lower boundary of the D layer as equal to 107,
then for frequencies of 3 megacycles and higher the value of p@
may be neglected by comparison with ouz. Taking into consideration
the fact that the index of refraction for the D layer is close o
unity, we find that the aggregate coefficient of absorption in this
layer, for vertical incidence of the ray and the mgpiangular'! law of
distribution of ionization by altitude, may be determined by the
following formula [12]: |

M 'ﬂ

1'2 :
_RH e T+

r H

17 chg

p,H*
%= oh

where r}vis the absorption in the lower region of the layer (up to

1
the maximum of absorption), and f/g is the absorption in the upper

region;

b i !
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By analogy We obtain, for & parabolic law of ionization

distribution the following equation:
|
2‘("?«‘\

2p,H” il H
e G AL )

where

W
Q=
(O

We thus see that for Pg = 107 per second the absorption in

the D layer (for frequencies above 3 megacycles) should be inversely

proportional to the square of the frequencye

At frequencies lower than 3 megacycles, the increase in

absorption as the frequency declines is appreciably slowed, since
the number of collisions D is of the same order as the frequency

of vibrations

It must,however,be carefully noted that we have here con-
sidered the absorption in the D layer at a certain effective electron
density N and a certain effective nurber of collisions Pe In fgct,
as we have already pointed out, two different types of absorption

take place in the D layer, one due to ‘the collisions between electrons

B : 0 s IRTNE T .
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and molecules and the other due to colllislons between Lons and

molecules, The effective number of collisions, and therefore also

the frequency dependence, will be different for these two types of

absorptlon,

To illustrate, let us consider the curves of "ion" type
absorption, of "electron" type absorplion, and ol aggregate
absorption (without taking the earth's magnetic field into account)
in relation to wave length, which are presented in Figure 13 The
curves are calculated for a total effective electron density
N =L x 102 el/cm3, under the assumption that the actual electron
density Ng = hox 102 al/cm3, and all of the remainder is attributable

to ion density converted to the equivalent electron densitye

[ without allowing for the 7 without allowing for the
total earth's magnetic field €

earth's magnetic field

A, allowing for the earth's : for the earth's
{—Lgtal) magnetic field M allgg;ggt;{g oihe e

Mestal

M

Figure 13. Absorption coefficients in the D layer

Woale = U % 102 el/em3; Ng = L x 102 el/cm3

Declassified in Part - Sanitized Copy Approved for Release 2012/05/08 : CIA-RDP82-00039R000200100045-0



Declassified in Part - Saniti
- Sanitized Copy Approved fol
r Release 2012/05/08 : Cl
: CIA-RDP82-00039R000:
200100045-0

The number of collisions po 18 Laken at 5 X 107 per second
for the electrons, and b X 105 per second for the ions, Since in
‘the latter case p2<:3:; cx)a, the absorplion of "ion!' type 18 in=

versely proportional to the square of the frequency. Tn consequence

S e R IR AR SRS »

of the highev effective nunber of collisions for gleclrons, the ab-
sorption of the “"electron" type manifests a less pronounced frequency
dependences Thus when the wave length is increased [rom 15 to 5

meters (i.e. when the frequency varies from 20 to hvmegacyclcs) the

absorption r;1 increases 15 times, ingtead of 25 times by the lav

of squares. In this band, the mean variation of r;l is inversely
proportional to fL.7, For a variation of the wave length from 15
o 150 nmeters (b -2 megacycles), (;1 doubles, i.e. itS variation

is inversely proportional to the first power of the frequencye

It tollows from & consicderation of the aggregate absorption
curve that in this case the frequency dependence approaches somewhat
closer to a square variation than the dependence obtained for the

absorption of purely nglectron' Lypee

Thus on taking account of the mechanism of absorption of the
energy of radio waves in the D layer, we come to ‘the conclusion that
the frequency dependence of absorption is, teken as 2 whole, lower
than a square variation, bub does not differ very greatly {rom it
for the band of relatively high frequencles (£ =W megacycles).

Tor lower frequencies this dependence approaches the lineare

We must turn our attention to the circumstance that, although
we have assuned, in this numerical caloulation, that the actual
electron density is only 10 percent of the total equivalent electron

density, pevertheless the absorption of the "electron' type plainly
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dominates that of the "lon" type as a result of the far higher
effective number of collislons in the former case than in the

lattaer,

Tt must also be roted that variation in the percentage ratlo
between the actual electron density and the ion density, converbed
to the equivalent electron density, may result in considerable
variation of the absorption of radio waves in the D layer and exert

a certain influence on the frequency dependence of this absorption.

The freeing of a considerable number of electrons associated
with the molecules of the gas, that is, the redistribution between
the murber of electrons and the number of negative ions, may result

in an anomalous increase in the absorption in the D layer.

1T, The E layer, For the E layer, we may consider that p2

<< ()5 then the absorption coefficient

2T T chPNeZ (ll)

en em /‘ _ 4;Ne*
mco*

and the aggregate absorption on the path S

r= {rds = 22 da
- Cm @* "'\( 27 Ne*
S S !— ™ o *

Consequently when radio waves pass through the E layer, the

d.s

absorption in it will be inversely proportional to the square of
the frequency and vary even more sharply than that, since the index
of refraction n can no longer be considered equal to unity for the

E layer; the value of this index falls with the frequencye

When radio waves are reflected from the E layer (at frequencies
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which are not very close to the critilcal frequency) the aggregate
absorption in this layer, for vertical incidence and the "triangular"

law of ionization distribution, may be calculated by the formula
r’ = b Pollo [1 - b ho 12(h0>2 " 32(he 3 3 [ho b 1 (o) 3
37 tozy o) CsseE) fmolw) - omse ol

(1h)

The analogous formula has been derived for us for the para-

bolic law as well [12]. It is not difficult to see that the absorp-
tion in the case of reflection of waves from the layer will fall

with the frequency.

The numerical expression of this regularity depends on the
ratio between the working frequency and the critical frequency of

the layer,

3. The Fl layer, Inasmuch as the mechanism of absorption

in the Fl layer should be considered the same as that in the E layer,
while the inequality p2<<ﬁﬁL&J2 in unconditionally and under all
circumstances true for the Fy layer, it follows that all that has
been said about the frequency dependegce of absorption in the E

layer is equally applicable to the Fq layer as well,

e The Fy layer, We consider the absorption in the Tp layer

2
only for the case of the reflection of radio waves. n‘ virtue of

the peculiarities in the mechanism of absorption in the Fy layer, we
assume, in the first approximation, as has already been said, that

the number of collisions p does not vary with altitude.

In that case, we obtain, as the linear law of variation of
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ionlzation with altltude:

b 4w
M=4% E_._--SE_.':“. (15)

3 ¢ o

Consequently the absorption will be directly proportional

to the square of the frequency.

For the parabolic law

_ Phw (022

= %ca \ 2

where a ==

This formula also expresses the sharp increase in absorption

as the frequency rises.

Thus when we consider the frequency dependence of absorption

several layers, we reach the following conclusions:

=1

a. The frequency dependence of absorption in the D layer
is determined to a considerable extent by the effective number of

collisions per second, and also by the ratio between the volume

density of electrons and that of ilons. At higher frequencies (the

short-wave band proper) the absorption in this layer is, roughly,
inversely proportional to the square of the frequency. In the
intermediate wave-band this dependence appreciably slackens and

approaches inverse variation as the first power of the frequencye.

b. On passage of a ray through the E and Fy layers, ‘the
absorption in them is inversely proportional to the squere of the

frequency or may even vary more sharply than that.
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oure 1lh.  Absorption coefficients. Summer, 1200 hourss,

R = LOO kilometers

c. For the case of reflection of the ray from the layer,
the absorption in general falls off as the frequency is reduced.
Specifically, the absorption in the Fp layer may be considered to
be approximately directly proportional to the squure of the fre-

qQuency.

II. TLet us now consider the dependence of the total ab-
sorption on the frequency under the actual conditions of propaga-
tion of radio waves over different distances.and at different

seasons and hours of the day.

We shall separately discuss the cases of reflection from the

[ layer and from the F region (the Fy and T layers).

1. Reflection from the E layer, Figure 1L shows curves that
characterize the dependence of absorption on frequency when a ray
passes through the D layer and is reflected from the E layer, as

well as the curve for aggregate absorptions for daylight in summer

-3 -
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(1200 hours) over a distance of L0O kilometers, We see that
absorptlion in the D layer inereases with declining frequency,

while absorption in the B layer decreases, Consequently the
agerogate absorption in a certain irequency band (6 -3 megacycles)
varies very slishtly with varying frequency, At frequencies under

3 megacycles the aggregate absorption commences Lo grow appreciably
with declining {requency, in consequence of the fact that absorption
in the D layer beging definitely to dominate over that in the &

layer,

o

Figure 15. Absorption coefficients, Summer, 1200 hours,
R = 1000 kilometers

r

Figure 16. Absorption coefficients, Winter, 1200 hours,

R = 1000 kilometers

o ! 5 e X ;_o ;
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Tn BLpgure 15 the analogous curves for a summer noon and &
distance of 10UO Kkilometers are plotted at the right, We &€ that
the agprogate absorption in the D and B layers eombined clearly
prows with deelining frequency, with an average variation inversely

proporhional o fO-YS,

An interesting curve of apgrepale absorption is obtained for
sunmer noon at a gistance of 1500 ilomoters (Fimure 17). ‘This
curve has a minimm around 2 frequency of 8 mepacyclese At Llower
frequencies sbsorphtion appreciably incrcases with declining frequency.
As frequency {falls from 6 to 3 megacycles, the absorpiion doubles,
that is, it is here inversely proportional Lo the first power of the

frequency .

At frequenciles over 8 megacycles, on the contrary, there is a
cerbain increase in the absorption a8 frequency jncreases, owing Lo

the increasing absorpltion on reflection from the E layere.

2, Reflection from the T region. On Tigure 1L, at the left,
the absorplion curves are plotted for the reflection of waves from
the F layer. The absorption on passage of the ray throuzh the B
layer is dominating here. Tor this reason the absorption definitely
grows with lowered frequency (increasing 1,5 times with change in

frequency from 6 to L.5 megacycles).

We see an analogous picture on figure 15 (summer A&y, distance
1000 kilometers)s The aggregate absorption on reflection from the
T layer, which is primarily determined by the losses in the I layer,
grows as the frequency declines (oy approximately 2,5 times when

the frequency passes from 10 to 6 megacycles, i.e, almost inversely

proportional to the square of the frequency).

zed Co o i
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Tioupe 18 shows absorption curves for a winter day (R = 1500

kilometers). Ab relatively high frequencies the waves are reflected

from the Fp layer. The aggregate absorption, just as in the preceding
case, is markedly inereased with declining frequency, ricing by
approximately 2,6 times as the frequency drops from 10 to 6 megacycles,

or almost inversely proportional Lo the square of the frequencys.

L Mz

Pigure 17, Absorption coefficients. Summer, 1200 hours.

B = 1500 kilometers

£ MHz

Figure 18, Absorption coefficients. Winter, 1200 hours.

R = 1500 kilometers

- 3L -
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We sec a somewhat difflerent frequency dependence in Figure
16, on which the absoiption curves for a winter day at a distance
of 1000 kilometers have been plotted, In this case, at the
relatively high frequencies of 10 - T megacycles, the aggregate
absorption varies but slightly witn the frequency, since the
absorption on reflection from the Fo layer, which falls as the
frequency falls, is here of the same order as the L-layer absorp-

tion. At lower frequencies the agpregate absorption perceptibly

inereases,

Ws see an interesting picture in Figure 19, which shows
the absorption curves for a winter night (R = LOO kilometers).
Absorption occurs in this case on passage of the waves through
the remaining E layer (for which we take the critical frequency
as 0,5 megacycle) and on reflection from the Fy layer. For
shorter waves the latter type of absorption prevails, for longer
waves, the former type. When frequency is reduced, the absorption
falls at first, to reach a minimum around f = 2.5 megacycles, after
which it begins to increase again,

r'!

A

fMHz

Figure 19, Absorption coefficients, winter, 2LO0O hours,

R = LOO kilometers
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On the basig or what has been said on the frequency depend=-
ence of the ageregate absorption, the following conclusiong may be

drawn

s In view or the fact that the frequency dependence of
absorption ig completely different for the case of the Péassage of
the ray through the layer and rop tgat of its reflection from the
layer, while the role of the several layers in absorption is by no
means the same, the frequency dependence of absorption,under the
actual conditions of' radio-wave Propagation, ig determineq accord=
ing to which of the layers reflect the rays and what, the angle or

incidence ig of' those rays on one layer or another,

It is therefore impossible to indicate any universal fpe-
quency dependence for the absorption or radio waves throughout, the
entire path of the ray in the ionosphere, as has been done by cep-
tain authors,

bs  For the case ol reflection from the R layer, the absorp-
tion as a rule varieg more slowly with the frequenz;jgt does when
reflected frop the F layer, since in the former case the aggregate
iﬁcrease in the absorption as the fTequency is dimini.shed 1s checked
by the reduction of the absorption in the | layer. When reflection
takes place insteaq from the p layer, thig retardation of the increase
in absorption, as frequency falls, ig considerably legs effective,
In other cases, however, (for example at relatively high frequencies
with small angles of incidence, and likewise during the nighttime)
this variation Proceeds much mope slowly, During the nighttime the

absorption of radio waves on reflection on the Fo layer may dominate

that in the residual B layer, anq in that case the aggregate absorp-

tion may erow with inbreasing frequency,
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TIT. Leb ua now anelyze the ynfluence of the garth's
magneti.c f1eld on the frequency dependence of the absorption co-
officients, We consider, as is usually done, the two 14miting
cases of the propagation of radlo waves with respect to the di-~
rection of the earth's magnetic rield: (&) 1ongitudinal propa-~

gation and (b) transverse propagations

Tor the case of longitudinal propagation, the coefficient

of absorption has the form

2

_p o,
V=70 e )0

where
0 V e*
To ~ TT™M (18)

is the critical frequency of reflection from the given level of
jonization N and PL_ is the gyrofrequency corresponding to the

component of the earth's magnetic field that is parallel to the

direction of propagation of the radio waves. A positive sign in
the expression for gamma corresponds to the ordinary component of
the wave, while & negative sign corresponds to an extraordinary

component. For transverse propagdion, the ordinary component

2

_P %
Y =5 B

and the extraordinary component 1s represented by

Y = _E: _Q z ﬁikvga

= T
e © TRy
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where ﬂT 18 the gyrofrequency corresponding to the component of
the earth's magnetic field perpendicular to direction of propa-=

gation of the radlo waves.

Since the component which experiences the least amount of
absorptlion is of the most interest to us, wé shall henceforth con=-
sider the ordinary component. We shall therefore write the co-

efficient of absorption in the following forms

QZ

¥ = on CLfP

for longitudinal propagation, and

2
‘o
e

cn £

for transverse propagabion.

It is possible to show from the general formulae that de=-
termine the dielectric permeability of a medium for the case of
propagation of radio waves through an ionized gas, and allowing
for the influence of the earth's magnetic field [2, 16], that the
case of approximation towards longitudinal propagation is determined
by the inequality

2
g
(F-£0" 2 FiL7 (23)

while the case of approximation to transverse propagation is de-
termined by the inequality
LA
£ 0P kg %
- : 2)
(-5 (Frb
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where _p _ _S"lﬂq'a
e T 2Ces8

(25)

ﬁ M is the gyrofrequency, and 6 is the angle between the di-

rection of propagation of the radio waves and the direction of the

earth's magnetic field.

Tt is very important to know, in caleculating the coeffi-
cients of absorption, when we have in practice an approximation
to longitudinal propagation ("quasilongitudinal approximation”)
and when we have an approximation towards transverse propagation

("quasitransverse approximation”).

The graph in Figure 20 serves to answer this question, and

has been constructed from an analysis of the inequalities pre=-

ré.%:\\\\
f@\@\

'\\ \\ \

\

sented above,

. Q
Figure, Eg

The hatched portion of the graph, on the left side, repre=-

sents the region where the inequality that determines quasi-
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longitudinal approximation 1.5 unconditlonally and under all cire-
cunstances true, while the natched portion te the right repre-
sents the reglon where the inequality for quasitransverse approxi=-
mation is unconditionally and under all circumstances satisfieds
The condition that the corresponding.part of one inequality shall
be at most 9 times larger than that of the other serves here as a

measure of approximatione

The curve produced petween the hatched areas determine a
1ine of demarcation, for which the inequalities (23) and (2l)

above presented are transformed into an equalitye

We see from the graph in Figure 20 that for the case of the
N
passage of the radio waves through a layer ( A > 'QD )

the inequality that determines the quasi~transverse approximation

J
will be true only for angles near ’é? , while the region for

which Uthe quasilongitudinal approximation holds is far more ex-

tensive.

For this reason, for the case of the passage of radio waves

through a layer, the formula

£ Pals pNe?
Jen (Fxf)r ~ Cn M@+ &) 2z

X = (26)

has the greatest practical significance.

Since it would be extremely tedious (especially where there
is more than one reflection) to take into account the exact value
of £y, which will depend on the geomagnetic 1atitude and the di-
rection of radio wave propagation, it is recormended [2] that fi=

=1, MKz be taken as a rough approximation for median latitudes.
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Tor random reflection of radio waves from a glven level of
tonlzation (£ = fo) a quasl-transverse approximation will take

place,

For the usual component we must then use the following

formulat

2
_ ) . 23T FDFJez'
Y= & —fr ¢ T et

(27)

Strictly speaking, however, it would hold only for the very
1limited reglon in which reflection occurs (with the working fre-

quency £ close to fo).

In practice we will have, for example, a case of quasi-
transverse approximation, in which the working frequency of the
layer and the reflection of the wave takes place ab a very short

distance from its lower boundaryse

If, however, the wave, before being reflected from that
level, traverses a considerable path in the reflecting layer,
with the difference (f - fg) great enough in the lower part of
that path, then we will have a case of quasilongitudinal approxie=
mation in this sector, which approximation will then pass over into
a case of quasitransverse approximation -as the difference (f - fo)

approaches zero.

The practical allowance for the influence of the earth's
magnetic field on the frequency dependency of absorption in this
more complicated case of wave reflection requires further

elaborations
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Tt Ls extremely Jmportant to solve the guestion as to
precisely the jonized layers in which the influence of bthe earth's
magnetic field on absorption should be taken into accounb, Allow=
ance must obviously be made for this influence in the case where
the wave traverses the I and Fl layers, since, in accordance wilth
what has been said above, the absorption in these layers is pri-
marily determined by the collisions of electrons with neutral

molecules and to some extent with lons as well,

The question of the influence of the earth's magnetic field
on absorption in the D layer is far more.complicated, since ab=
sorption here is due in part to collisions of electrons, and in
part to collisions of ions, with neutral molecules, Obviously
a correction for the influence of the earth's magnetic field
should be introduced into the caloulations of absorption of the
first type, and obviously it would not be rational to intro=-
duce such a correction into the calculations for absorption

of the second type.

In Figure 13, which we have considered earlier in this
paper, there is a curve characberizing the dependence of ab-
sorption of the electron" type on wavelength, allowing for the
influence of the earth's magnetic field, as well as a curve of
aggregate absorption for this case (no allowance for the in-
fluence of the earth's magnetic field is made with the absorption
of "ion" type)e Consideration of this.curve shows that the ab-

sorption in the band from 15 to 75 meters (20 to L megacycles)

is approximately inversely proportional to (f+ﬁ)2.

This approximate frequency dependence may thus be assumed

to hold the case of passage of short waves through the D layer.
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ELECTRIC FIELD STRENGTH AT THE POINT OF RECEPTTION

The strength of the electric field at the point of recep~

tion may be determined as follows:

. chLs

E=E_e°* =E e

2] Pl

where Ey is the field strength that would be obtained at the

point of reception in the absence of absorption (the "unabsorbed!

field); SK ds = - r’ the aggregate coefficient of ab=-
S

sorption on all paths of a ray in the ionized layers of the atmos-

phere,

Let us first consider the question of the calculation of

EO‘ Tn determining the non-absorbed field strength of a space
wave, Fresnel's coefficient for the reflection of a ray from a
surface of the earth that possesses finite conductivity must be

taken into account,

Tn the American manual for radio-wave propagation {131,
curves are given for determining field strength as a function
of distance. For this purpose, the field strength of a space
wave is considered as the strength of a field created by an
antenna on an ideally conducting earth

00V PrkW

T
oM 7 R\apl (29)

L+ R
multiplied by 2. , Where ‘H:?\ is the modulus

of the complex coefficient of Fresnel,
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Tor the case of vertical polarization, Fresnel's co=

efficlent

D = € cos @~ VE=sinp
T Etes @ +NE-sinip (30)

!
where (P is the angle of incldence, and €' is the complex

dielectric permeability of the earth

e =c(IVE£)

For horizontal polarization,

Q= Loso - Ve'= Sinzg )
Cas @ =+NE'= S1n2g

As the emilter of radiation for distances up to 500 kilo=-
meters (the angle between the direction of the emission and the
vertical being about 4O degrees or less) we take a half-wave
dipole, suspended above the earth at an altitude equal to a
quarter of the wavelength, while for distances of over 1000 kilo~
lmeters, (at an angle of 60 degrees or higher) we take a short
vertical vibrator. The field strength for angles of emission

from 4O degrees to 60 degrees is interpolated between these two

cases,

oM
iﬁ tﬁ;{?

|
Km

Figure 21, Unabsorbed field strength for frequencies over

L megacycles.
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We made a check of the graphs for wnabsorbed field given in

the menual, and in the course of that check we eliminated the in-
sccuracy that consisted of the fact that the Americen authors ook
the modulus of Fresnel's coefficient in the multiplier ’+—£FQ\
without allowing for the phase angle. Figure 2l gives the

corrected curves of the unabsorbed field abt various power levels.

The dotted lines show the original curves as given,

By the power Pf: must be understood the radiating
power, taking account of the directional action of the antenna

employed (the derived power of radiation in a given direction)e

Let us turn now to the calculation of the aggregate co-

efficient of absorption of radio waves in the ionosphere.

The essential peculiarity of the method proposed by us
for calculating electric field strength {12, 17]) is in the fact
that the absorption is first found separately for each of the
jonized layers traversed by the ray, and then the aggregate
absorption is determined. Thus, if reflection occurs from the
F, layer, the absorption during passage of the ray through the
D, E and Fl layers is found, together with its absorption on
reflection from the F2 layer, Then the sum of these components
is taken, If the reflection is from the E layer, then account
is taken of the absorption in the D layer ﬁhen the ray traverses

it, and in the E layer on reflection from it,

Thus the absorption is found on precisely those sectors

of the trajectory of the ray in which absorption really takes place,
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This is what distinguishes our method from those previously pro=
posed, in which the absorption is considered as uniformly digm

tributed along a calculated path on the éérhh's surface,

N
.

——F = 11.7 megacycles
--wo—--f = 14,8 megacycles

—.8-— £ = 16.8 megacycles

1, 16 18 20 22 24

Hours (o'clock)

Pigure. 22 Pield strengths, June 19L6

We have calculated the electric field strength in relation
to the distance (within the limits of a single skip, for various
wavelengths, seasons and times of day. Examples of such calcu-

lations are presented in Figures 9 = 12.

For lines of communication having several reflections, the
number of reflections is first of all détermined, with the limiting
distance for a single skip, on reflection from the F2 layer, taken
as equal to ~V 3000 kilometers, or ~~ 2000 kilometers if re-

flected from the E layer.

The absorption for each of the skips is then separately de-
termined (taking geographic latitude into account, together with
the time-lag of the points of reflection) and, finally, the aggregate

absorption for the entire line of communication,
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To illustrate, the calculated curves of field strength are
shown for three frequencies in Fligure 22, The experimental data

are indicated by dotls,

Among the partial questions connected with the calculation
of the electrical field strength, the question of the dependencies
of absorption in the D layer on the sun's altitude above the hori-

zon must be noted,

It follows from Chapman's theory [18] of the so-called
"simple layer", produced under the action of uniform solar radi=-
ation, that the absorption should te directly proportional to

cos 2 y vwhere x is the zenith angle of the sun,

There are however a number of references in the literature
relationshi
to the failure of this theoretical f Lo correspond with
the experimental data, especially for the ratio between summer and

winter absorption, The thecretical relationship gives a ration

between the noon coefficients of absorption for summer,winter, at

the latitude of England, equal to 6.3, while the measurements
made by Appleton [10] give only 2,6 for this ratio. The measure~

ments of White and Brown [19] give the even lower figure of 2,27,

American authors [13] have proposed the following empirical
formula for the coefficient, taking into consideration the rela-

tionship of absorption to the zenith angle of the sun

k = 0,142 + 0,858 cos x
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This formula glves a value of 2.47 for the ratio between
the summer and winter coefficlents of absorption in England, which

agrees well with the above nentioned experimental data.

Analysis of the data on the measurements of absorption co=
efficients in England as well have lead us to the conclusion that
formula (33) agrees far betler with the experimental data than
does the theoretical formila, For this reason we recommend using
the empirical formula mentioned above in calculating the ab-

sorption in the D layer.

MINIMUM WORKING FREQUENCIES

Under the conditions of operation of communication lines,
the band of working frequencies 1is 1imited on the one hand by the
so~called meximum working freqﬁeney determined by the conditions
of reflection for radio waves, Besides the maximum frequency,
it is also necessary to know the minimum admissible frequency,
that constitutes the lower poundary of the band of working fre-

quencies employed.

The minimum frequency is primarily determined by the
absorption of radio waves in the ionized layers of the atmos~-
phere, Although the frequency characteristics of the aggregate
coefficients of absorption for the passage of waves through cer-
tain ionized layers, depends on a good. number of factors, it is

still in general possible to consider that the absorption in-

creases as the working frequency decreases.

Consequently for a given distance, a given radiating power

of the transmitter, and a given state of ionization, there is 2

D i ! o
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certain frequency (in the short wave spectrum)j at which the elec~
tric field strength at the point of reception will gqual the
minimum necessary value. This frequency will then be the mindmumn
working [requencye Tet we consider the existing methods of cal-
culating the mindmun frequenciles that have been proposed by

American aubhors [13] and by Raver (21,

The basic features of the American method are as follows
(1) The entire absorption experienced by radio waves in the
jonosphere is attributed to the D layer alone: (2) 'The ag-

gregate absorption along the line of comnunication 1s repre-

~

sented in the form of the product EDO R a¥ H SO being the

coefficient of absorption for unit length of the path through
that region in which the sun stands directly overhead, The re-
lationship of this coefficient to frequency 18 given in the form
of curves (for frequencies higher than 3 megacycles, S0 is in-
versely proportional to the square of the frequency). The in-
fluence of the earth's magnetic field is not taken into account;
k is the coef ficient taking account of the altitude of the sun
above the horizon; ¥ is its mean value for the line of commu-
nication, and is defined only according to its values at the
initial and end poinis of that line; while d is the distance

The
along @ greab circle.

In order to calculate the minimum frequency, the "un-
absorbed field" Eq is determined, & minimum admissible value
for field strength is set, and a frequency is selected at which
the value of the field strength shall equal the minimum admissible

value. The computations were made by means of nomogramsSs From
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the theoretical. point of view, this method may be considered as fairly
coarse and approximate, Its achievements are apparently embraced in
well chosen empirical coefficients, The metﬁod of Raver is similar

to the American method in that iti%gﬁgg\ggdaccount only of the abw=
sorption in the D layer., The variation of the absorption in de~

;

3.
pendence on solar altitude is stated to be proportional to CO&X,

The value P ("Paula'"), which represents the absorption at a
frequency of 1 megacycle with vertical incidence of the ray and the

zenith position of the sun, is of greal importance in calculation,

2
as is also the value of B "Berta"), which is. equal to PCLOE;é/ X‘.

Raver recommends finding these values experimentally. He

. 2
;
considers that the absorption is inversely proportional to 6:+£L) .

The peculiarity of Raver!s method is that it takes account of
the focus of a pencil of rays in their successive reflection from
the concave surface of the ionosphere and the convex surface of the
earth., The calculation of this focus leads to a certain increase
in the field strength of the "unabsorbed" ray, Although a certain
gain in field strength results from the geometrical consideration
of the question of focus, still it seems to us that the intro-

duction of this correction for focus is hardly expedient,

As a matter of fact, the existence of unevenness at the
reflecting surfaces (that of the ionosphere and that of the earth),
leading to energy losses through dispersion, will probably be

enough to reduce to nothing the indicated gain from focus,
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The minimum frequency 15 calculated by the formula

£ =NT_-% (3)

Max

where B is the value of "Berta' above mentioned, ¥ is the angle

of incidence of the ray on the D layer,

E . .
S = log T’ (3%)

EO is the field strength at the disvence of 1 kilometer, Epin 1S
the assigned minimum field strength, and 8\ is the 'space

dissipation attenuation", which takes account of the distance factor,

Although Raver's method has a certain advantage in that the
minimum frequency is determined by an analytical formula, this ad-
vantage 1.8 nevertheless based on the inaccurate assumption that all
the absorption takes place in the D layer and is subject to a

universal frequency dependences

Let us now consider the basic features of our own method

of calculating the minimum frequencies {177,

We write the expression for rield strength at the place of

reception:

~\ v ds ap

E=E,e =E.e

O

Tn the general case, the absorption coefficient may be

represented in the following form:

f7 = YﬂI) + [}5 + {l:l + (;?a’
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where PD ) r\E ) r‘F, ) FFQ_ represent the absorption coefficients

in the corresponding layers of the jonosphere. Tt goes without s&y=
ing thab in gpecific instances one or more of these components may

be absente

Eq» the unabsorbed rield strengih, mey ve determined from

the graphs of Figure 2le

To determine the minimum frequency, the minimum allowable
field strength at the place of reception must first be set. The
minimum field strengbh depends on the level of atmospheric and
industrial interference, on the kind of operation, and on the type

of receiving installatione. The curves of necessary field strength

for various atmospheric zones nave been plo tted by Potter {131

Setiing the value of E = Er

in’ we obtain:

-
o M

(38)

where r’l’li\x 1s the maximum allowable absorption corresponding to

the minimum allowable field strengthe

r
The frequency for which I = FP’] AX is the minimum working

frequencys
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f in megacycles

20

o

15

16 18 20 22

Local Solar Time

23  Maximum and minimum communication frequencies,
Summer 19L6
Minimum frequencies calculated by Raver method;
Minimum frequencies calculated by Kazanbsev method;
Minimum frequencies calculated by American method;

Minimum frequencies at which the Fp layer is

screened by the E layer

The method adopted by us has the advantage of taking into

account the absorption not only in the D layer but also in other

cases as well, and of not being based on any universal frequency

dependence, which, as we have seen, does not in fact exist.

As an example, the curves of maximum and minimum frequencies

for two lines of communication are shown in Figures 23-26, These

calculations have been made for various seasons of the year.

i
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The minimum frequencies have been caleulated by three methods,
the Americen method, the Raver method, end our own method. It is
interesting to nete that our method and the Americen give values
which are fairly close together for the minimum frequencies (the
curves computed by our method being somewhat higher than those of

the Americans).

f in megacycles

2L

Local Solar time

Figure. 2L Maximum and minimum communication frequencies

Winter, 19L5/L6

f in megacycles

6 8 10 12 1b 16 18 20 22 2l

Local Solar time
Figure, 25 Maximum and minimum communication frequencies,

Summer 1946
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The Raver method glves conglderably lower frequencies, es=
pecially for the winter. The latber circumstence is explained Dy

Raver's adoption of the theoretical dependence between absorption

%

and the zenith angle of the sun (~ cos '?x).

The question of forecasting the minimum working frequencies
is very important, as is that of forecasting the electrical field

strength for a certain time ahead,

Tn view of the close connection between the value of the
absorption coefficients and the critical frequencies, we use fore=
casts of the critical frequencies of the B, Fy and Fy layers, based
on experimental data, as the foundation of our forecasts of the

minimun frequencies and the electrical field strength.

Estimation of the variation in the D-layer absorption
causes difficulties, since we do not know how the ionization in

the D layer varies according to the years of the solar cycle.

We have therefore assumed [17] that the variation here is
analogous to that in the adjacent E layer, the origin of which is

the same as that of the D layer (ultraviolet radiation).

f in megacycles

20

15

\\v i min i L
i AR i TR

8 20 22 2l

Local Solar Time
Figure 26, Maximum end minimum communication frequencies.

Winter, 19L5/L6

e

LR
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At the present time we dispose of certain experimental ma=
terial for testing this assumptlon, namely the British material on

the absorption in the D layer at frequency 1 megacycle (a value

analogous to the value of "Berta! used by Raver).

r’

15

1Lk U5 19L6
FHAMJJASOND JFMAMJJASOND JFMAM g

Figure, 27, Mean monthly values for the absorption in

the D layer (1 megacycle) at noon

The variation in this absorption, proportional to the
ionization N, is shown in Figure 27, The mean value of the co~-
efficient of growth for this magnitude, over the 2 years from
19ul to 1946, is 1.33. 'The mean value of the coefficient of
growth of ionization in the E layer for the same period is ™~ 1.l.

We thus have a rather good coincidence,

It goes without saying that the theoretical work on the
absorption of radio waves and the electrical field strength must

be intimately linked with the experimental work.

It seems necessary to us to conduct purposefully organized

and extensive experimentabion on the measurement of electrical field
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gtrengbh at various frequencles, It 1s also necessary to organize
regular measurements of the cosfficients of signal reflection from
the ionosphere at our lonosphere stations at various polnts of the
USSR, The study of the absorption during the so-called "disturbed

days" is very importent, The question of the absorption of radio

waves in the polar regions of the earth, wﬁich has been little

investigated, is likewise of great theoretical and practical in-

terest,

Section for Scientific Treatment Received by the editors
of problems in Radio Technology i June 19L7
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